The raw data for the RNA-seq analyses of the olfactory epithelia of five basal ray-finned fish have been deposited in DDBJ Sequence Read Archive (DRA005613). The sequences of ancV1R of hippopotamus and the V1R8a and 8 b of spotted gar were deposited in GenBank (LC271134-LC271136). *Corresponding author: E-mail: mnikaido@bio.titech.ac.jp. Associate editor: Ilya Ruvinsky
Introduction
Terrestrial vertebrates have evolved two anatomically distinct chemosensory structures, namely the main olfactory epithelium (MOE) and the vomeronasal organ (VNO). Previous studies have shown that the MOE mainly detects volatile odorants, whereas the VNO detects pheromones (Firestein 2001; Brennan and Zufall 2006) . Although the MOE also mediates some pheromone detection pathways (Mandiyan et al. 2005; Ohara et al. 2009 ), the VNO is believed to play a major role in eliciting pheromone-induced sexual and social behaviors. The vomeronasal receptor genes V1Rs (Vmn1rs) and V2Rs (Vmn2rs) are mainly expressed in vomeronasal sensory neurons (VSNs) (Dulac and Axel 1995; Matsunami and Buck 1997) and belong to the multigene family encoding putative seven-transmembrane G protein-coupled receptors (Nei et al. 2008 ). Because of their predominant expression in VSNs, it was expected that both V1Rs and V2Rs encode pheromone receptors, and indeed, some of them were shown to recognize volatile (Boschat et al. 2002; Isogai et al. 2011 ) and nonvolatile pheromones (Kimoto et al. 2005; Haga et al. 2010) , respectively. V1Rs are highly diversified in most mammals, whereas the diversity of V2Rs is limited to some specific mammals (Shi and Zhang 2007; Hohenbrink et al. 2013 ). Species-specific gene duplication and loss (Nei et al. 2008) have generated an extraordinary variation of V1Rs in gene number and the proportion of intact genes compared with pseudogenes (Grus et al. 2005; Young et al. 2010) . V1R-like genes, principally ORA1-6, were also found in the fish genome and are specifically expressed in the olfactory epithelium (Pfister and Rodriguez 2005; Saraiva and Korsching 2007) . Although the repertoire of the fish ORA family is small (six major genes in most teleost fish species), they have diverged phylogenetically through the course of vertebrate evolution (Saraiva and Korsching 2007; Grus and Zhang 2009) . A recent study showed that the spotted gar and the coelacanth possess additional ORAs (ORA7 and ORA8; Zapilko and Korsching 2016) . However, most of the orthologs of each ORAs of fish have been lost around the time of the waterto-land transition (Shi and Zhang 2007; Saraiva and Korsching 2007) . The V1Rs of modern tetrapods recently originated from one ancestral V1R that is derived from the fish ORA1 (Saraiva and Korsching 2007; Zapilko and Korsching 2016) .
In this study, we identified a novel V1R sequence belonging to the V1R/ORA family, named ancV1R, which exhibits a number of unexpected molecular characteristics. First, ancV1R is phylogenetically close to fish ORA5 and ORA6; however, its sequences were also found in mammals and frogs. Second, ancV1R is an orthologous gene that has been retained for over 400 My during the evolution of Osteichthyes (bony vertebrates). Third, pseudogenization of ancV1R in some tetrapods correlates strongly with VNO degeneration. Forth, ancV1R is broadly expressed in most mature VSNs and coexpressed with the other canonical V1Rs and V2Rs, which are sparsely expressed in the VNO (Matsunami and Buck 1997; Rodriguez et al. 2002) . Thus, the newly characterized ancV1R is distinct from canonical V1Rs from the view point of evolutionary conservation and the expression pattern. Further investigations on ancV1R may provide insights into the origin and the evolution of chemosensory system in the VNO.
Results
A Novel V1R Clade Identified in V1R/ORA Tree Figure 1A shows the phylogenetic tree of V1Rs and ORAs for diverse vertebrate species, ranging from ray-finned fish to mammals whose draft genomes are available in the database. The overall tree topology is consistent with results of extensive analyses from previous studies (Saraiva and Korsching 2007; Nikaido et al. 2013; Zapilko and Korsching 2016) . Curiously, however, we found a novel V1R sequence in coelacanth that is shared with gar, frog, cow, and dog (green clade in fig. 1A ). Given the 100% bootstrap statistical support for this node, it is likely the sequences are orthologous. In the phylogenetic tree, this V1R clade is the sister group of the ORA5/ORA6 clade, implying that this V1R emerged before the branching of these two ORAs. In light of the unexpectedly ancient origin of this V1R in vertebrate evolution, we named it ancient V1R (ancV1R). Notably, ancV1R is apparently absent in the genomes of teleosts (derived group of ray-finned fish ; table 1; supplementary table S1 , Supplementary Material online) despite its widespread distribution among vertebrates. To further examine the presence or absence of ancV1R in teleosts as well as its orthology, we performed a syntenic analysis for this gene. Figure 1B shows a schematic representation of ancV1R located in the first intron of the gene synuclein alpha interacting protein (SNCAIP). This analysis revealed that the exon-intron structure of SNCAIP is conserved among mouse, gar, and zebrafish ( fig. 1B) as well as other species from sea lamprey to mammals (data not shown). We then searched for ancV1R sequences intensively in the first intron of zebrafish SNCAIP but found no V1R-like sequence. We also investigated the large-scale syntenic relationships of SNCAIP and detected synteny in three species ( fig. 1C ). Although this genomic region was duplicated in zebrafish owing to a past whole-genome duplication (3R, Amores et al. 1998) , SNCAIP is apparently single copy. The orthology of SNCAIPs among themselves was also confirmed by the phylogenetic analysis (supplementary fig. S1 , Supplementary Material online). These results suggest that ancV1R is likely to be an orthologous gene, common in a variety of vertebrates from spotted gar to mammals but apparently absent in teleosts.
ancV1R Is a Functional V1R Retained for >400 My To better understand the phylogenetic distribution of ancV1R among vertebrates, we increased the number of target species in the analysis. We performed a TBlastN search of ancV1R against the draft genome sequences of 115 vertebrate species, most of which are deposited in the public databases. For species, where draft genome data were not available (e.g., several primitive ray-finned fish species), we applied transcriptome analyses of the olfactory epithelium (see Materials and Methods). We also searched the draft genome of Polypterus, which was sequenced and assembled by M. Okabe (unpublished data). Supplementary table S1, Supplementary Material online, summarizes the results of this expanded analysis. Intact ancV1R sequences were found in 56 of the 115 species investigated. Conversely, we did not detect intact ancV1R sequence in teleosts, sauropsids (turtles, alligators, and birds), or certain mammals such as human, cetaceans (table 1) . We constructed the maximum likelihood as well as Bayesian trees of our identified vertebrate ancV1Rs ( fig. 2A, supplementary  fig. S2 , Supplementary Material online). Our ancV1R trees were largely consistent with the species tree and divergence in the following order: Basal ray-finned fish (Polypterus, gar, and sturgeon), coelacanth, amphibians, reptiles, and mammals. Although slight differences were observed among the ancV1R gene trees and the species tree in some mammals, the BPs for these divergences were quite low and the SH-test indicated no statistically significant differences among them (supplementary fig. S2 , Supplementary Material online). The consistency between the gene trees and the species tree again suggests that ancV1R is likely orthologous. Next, we inferred ancV1R evolutionary history from its emergence and loss during vertebrate evolution. Although we did not find ancV1R in the genomes of teleosts (a derived group of rayfinned fish including butterflyfish, knife fish, and arowana), we identified ancV1R sequence in the genomes of the basal rayfinned fish (Polypterus, sturgeon, and spotted gar) ( (Stamatakis et al. 2008 ). Bootstrap probabilities of major branching nodes are shown above each branch. T2R (bitter-taste receptor genes) were used as the outgroup. Three-letter designations for each OTU indicate the following species: Ame, Mexican cave fish; Bta, cow; Cfa, dog; Cmi, elephant shark; Dre, zebrafish; Fhe, killifish; Gac, stickleback; Gmo, cod; Hch, cichlid; Lch, coelacanth; Loc, spotted gar; Ola, medaka; Oni, tilapia; Pfo, Amazon molly; Tni, green pufferfish; Tru, Japanese pufferfish; Xtr, tropical clawed frog; Ssa, Atlantic salmon; Xma, platyfish. Scale bar indicates the number of amino acid substitutions per site. Note that the monophyletic grouping of ancV1R and ORA5, ORA6 is supported by a bootstrap probability >80, suggesting that ancV1R belongs to the known V1R (ORA) family. (B) The ancV1R gene is located in the first intron of SNCAIP. Schematic representation of SNCAIP and ancV1R shows that exon-intron structures and the position of ancV1R are conserved among vertebrates from gar to mammals. Note that ancV1R is absent in teleosts (represented by zebrafish), whereas the structure of SNCAIP is well conserved. Black boxes indicate the exons of SNCAIP, and a white box indicates exons of ancV1R. Positions of the start and end of SNCAIP mRNA in each chromosome or linkage group are indicated below the lines. (C) Syntenic comparison of SNCAIP and surrounding genes. The orthologs are indicated by triangles of the same color and are connected by dashed lines. The gene names are shown above the triangles of mouse. Transcription orientation is indicated by triangle direction. (SNCAIP is in the sense orientation in all species.) SNCAIPs are recognized as a single gene; however, the arrangement of the SNCAIP surrounding genes is somewhat altered in zebrafish accompanied by a teleost-specific genome duplication (3R). more ancient vertebrate lineages such as lamprey and elephant shark and discovered that they do not possess ancV1R. Further exploration of several shark genomes revealed that ancV1R is also apparently absent in these groups (S. Kuraku, personal communication). The most parsimonious evolutionary hypothesis that accounts for all these results is that ancV1R emerged in the common ancestor of Osteichthyes (bony vertebrates) during the Late Silurian Period and has been retained for >400 My of vertebrate evolution, but became a pseudogene in teleosts, sauropsids, and certain mammals (figs. 2B and C).
The hypothesis that ancV1R is a functional receptor is supported first by our detection of a large number of apparently intact ancV1R sequences from the genomes of a broad diversity of vertebrates, and also by the degree of conservation in the amino acid sequence of each diagnostic residue for known V1Rs. Given that no sequence motif interacting with G protein (e.g., DRY motif; Rovati et al. 2007 ) has been found in the V1R family, the presence/absence of such a motif cannot be used to judge whether ancV1R is functional. Supplementary figure S3 , Supplementary Material online, shows the prediction of transmembrane domains for the amino acid sequences of ancV1R in mouse, frog, gar, and Polypterus using the program TMHMM (see Materials and Methods). The presence of a total of seven transmembrane domains in all the cases reinforces the characterization of ancV1R as a canonical seven-transmembrane receptor. Finally, the ancV1R LOGO sequence of 21 representative vertebrates ( fig. 2D ) shares most of the amino acid residues diagnostic of V1Rs/ORAs. Collectively, these data suggest that ancV1R is a functional G protein-coupled receptor that belongs to a known V1R family.
Pseudogenization of ancV1R and Loss of VNO in Tetrapods
Although ancV1R has long been retained in most bony vertebrates, the gene has been pseudogenized in certain tetrapods ( fig. 2B ). For example, although we detected partial ancV1R-like sequences in birds, alligators, and turtles, those sequences were interrupted by many insertions and deletions. Furthermore, ancV1R also became a pseudogene in some mammals; in this case, identification of the first open reading frame-disruptive mutations is more straightforward because pseudogenization was more recent than in sauropsids. Figure 2C maps the pseudogenization events onto the phylogenetic trees of two representative groups of mammals, namely higher primates (Perelman et al. 2011 ) and cetaceans (Nikaido et al. 1999 ). For example, human, chimpanzee, and (A) Phylogenetic tree topology for ancV1R from diverse bony vertebrates spanning ray-finned fish to mammals suggests that ancV1R should be assigned as an orthologous gene. Codon-aligned nucleotide sequences were used for tree construction by RAxML with the GTRþgamma model. Bootstrap probabilities of major branching nodes are shown above each branch. ORA5 and ORA6 sequences were used as the outgroup (not shown). The branches for ancient fish are highlighted in blue and those of amphibians and reptiles in orange. The ancV1R tree is consistent with the species tree with a large proportion of maximum bootstrap probabilities, strongly suggesting that ancV1R sequences are orthologs, not paralogs. (B) Single emergence and two major loss events of ancV1R during vertebrate evolution deduced by the presence/absence of the gene in the corresponding draft genomes. ancV1R emerged in the common ancestor of Osteichthyes (black circle) and was lost in each of the common ancestors (gray circles) of teleost fish and of turtles, alligators, and birds (gray dashed lines and silhouettes) by ancV1R pseudogenization. White silhouette and dashed black lines associated with shark indicate that ancV1R
has not yet emerged. (C) Examples of ancV1R pseudogenization events in higher primates (left) and cetaceans (right). The gray branches indicate the lineages in which ancV1R has become a pseudogene and VNO was absent. The putative first open reading frame-disruptive mutations are shown above (stop) or below (frameshift) the gray circles. The species tree for primates and cetartiodactyls is according to Perelman et al. (2011) and Nikaido et al. (1999) , respectively. (D) Degree of amino acid residue conservation in ancV1R LOGO sequences of 21 representative gorilla share a stop-codon mutation in the coding region of ancV1R (Leu144Stop) that also exists in gibbon (Gln108Stop) and Old World monkeys (Lys123Stop), although the exact positions of these mutations in the sequences differ. We concluded that the pseudogenization of ancV1R occurred three times independently during the evolution of Old World monkeys and hominoids ( fig. 2C,  left) . In cetaceans and artiodactyls, the frameshift mutation (Leu91Stop) appeared after the divergence of the common cetacean ancestor ( fig. 2C, right) . ancV1R also became pseudogenized in certain bats and the manatee (tables 1 and  supplementary table S1 , Supplementary Material online).
It is noteworthy to mention that the species described above are common in that the VNO is degenerated. Namely, the pseudogenization of ancV1R and the loss of VNO occurred concomitantly in most tetrapods. For example, birds, crocodiles, and alligators do not possess intact VNO (Døving and Trotier 1998) . The VNO exists in strepsirrhines, tarsiers, and New World monkeys but not in Old World monkeys and hominoids (Smith et al. 2014, fig. 2C, left) . Furthermore, the VNO is absent in cetaceans but present in the hippopotamus-the closest extant relative of cetaceans (Nikaido et al. 1999 ) as well as other artiodactyls (Pihlstrom 2008, fig. 2C, right) . The VNO is also absent in manatee (Mackay-Sim et al. 1985) and many bat species (Wible and Bhatnagar 1996) . Although our analysis revealed that most bats do not possess intact ancV1R, we identified an intact ancV1R in two bat species, namely the long-fingered bat and the vampire bat (supplementary table S1, Supplementary Material online), for which the VNO exists (Wible and Bhatnagar 1996) . Interestingly, parallel losses of VNO and TRPC2, which is essential to VNO signal transduction (Stowers et al. 2002) , were also reported in catarrhine primates (Liman and Innan 2003; Zhang and Webb 2003) , aquatic mammals (Yu et al. 2010) , bats (Zhao et al. 2011 ) and birds (Grus and Zhang 2006) . Taken together, the strong correlation between the pseudogenization of ancV1R and the loss of VNO in multiple lineages implies that ancV1R may play an important functional role of VSNs of vertebrates.
Although VNO degeneration and ancV1R loss show strong correlation in most cases, one exception is that observed for turtles, in which a VNO-like organ still exists (Wakabayashi and Ichikawa 2008) even though ancV1R has become a pseudogene. Given that the VNO is anatomically not fully separated from the MOE in turtles (Wakabayashi and Ichikawa 2008) , it is likely that this VNO orientation has become vestigial, which may have led to the loss of ancV1R.
Expression of ancV1R in Most Mature VSNs
Next, we examined the expression of ancV1R in mice. Figure 3A shows the in situ hybridization (ISH) of an ancV1R probe on coronal sections of the developing VNO from postnatal day 0 (P0) to P32. Expression of ancV1R was rarely observed at P0, but gradually increased during the development of VNO. Interestingly, ancV1R is expressed in the almost entire VSNs labeled by olfactory marker protein riboprobe (OMP; first panel), whereas canonical V1Rs and V2Rs are sparsely expressed in the apical and basal layers of VSNs, respectively ( fig. 3D ) (Matsunami and Buck 1997; Rodriguez et al. 2002) .
To further characterize ancV1R-expressing cells, we performed two-color ISH using riboprobes for marker genes. First, we examined the coexpression of ancV1R and neuronal mature differentiation markers of GAP43 (immature neurons) and OMP (mature neurons). . These results suggest that ancV1R is coexpressed with both canonical V1Rs as well as V2Rs, challenging the "one neuron-one receptor" rule. To confirm this, we directly examined the coexpression of ancV1R with canonical V1Rs (V1rb1 and V1rd16) and V2Rs (V2ra and V2rb). Figure 3D shows that ancV1R is coexpressed with both canonical V1Rs and V2Rs (coexpression rate: [ancV1Rþ cells/V1rb1þ cells] ¼ 90.5%, [ancV1Rþ cells/V2raþ cells] ¼ 91.9%; supplementary table S2, Supplementary Material online). We further assessed ancV1R expression in several tetrapods. ancV1R was widely expressed throughout the entire VNO region of the common marmoset, cat, goat, and frog ( fig. 3E ). The present results indicate that the expression of ancV1R in most mature VSNs is a common feature in a wide range of tetrapods. In addition, we revealed that a small amount of the cells was ancV1R-positive in the MOE (supplementary fig. S5 , Supplementary Material online). Reverse transcription-polymerase chain reaction (PCR) analysis also revealed specific expression of ancV1R in the Polypterus olfactory organ (supplementary fig. S6 , Supplementary Material online).
FIG. 2. Continued vertebrates.
Relative frequency of an amino acid at a given site is proportional to the height of the single-letter amino acid code. TM: transmembrane, gray/bold horizontal bars. Extracellular (EC) and intracellular (IC) regions are indicated in numerical order. Black circles: residues conserved among V1Rs/ORAs and other GPCRs (16); white circles: residues conserved among V1Rs/ORAs (no conservation among the other GPCRs); gray circles: residues conserved among ORAs (no conservation among V1Rs and other GPCRs). Principal amino acid residues at the given site in the V1R/ ORA alignment are shown above circles. Note that amino acid residues conserved in V1Rs/ORAs are also shared in ancV1R with some exceptions.
Single Pheromone Receptor Gene Conserved across 400 My of Vertebrate Evolution . doi:10.1093/molbev/msy186 MBE FIG. 3. Expression of ancV1R in mature VSNs in mice and other tetrapods' VNOs. (A) Expression of ancV1R was examined by ISH on coronal sections of the developing VNO of C57BL/6 mice at stages P0, P3, P14, and P32. The expression of ancV1R was gradually increased during development and was observed in both the apical and basal VSN layers. The first panel shows the expression of OMP (positive control) in all mature VSNs at stage P30. Scale bar indicates 100 lm. ancV1R-expressing VSNs were characterized by two-color ISH with RNA probes for ancV1R (magenta) in combination with marker genes (green) (BÀD). (B) ancV1R was not coexpressed with GAP43 (arrows) but was coexpressed with OMP (arrowheads), demonstrating that ancV1R is expressed in mature VSNs but not in immature VSNs. (C) ancV1R-expressing cells were colabeled with riboprobes of both Gnai2 and Gnao (arrowheads), indicating that ancV1R is expressed in both types of VSNs, canonical V1Rs-expressing and V2Rs-expressing VSNs. High-magnification images of cells indicated by arrows and arrowheads are shown in the box in each image (B, C). (D) To confirm the coexpression of ancV1R with canonical V1Rs and V2Rs, we performed two-color ISH of ancV1R (magenta) with V1rb1, V1rd16, V2ra, and V2rb (green). ancV1R is coexpressed with canonical V1Rs and V2Rs (arrows) (left panel: low magnification, right panels: high magnification of the dotted box). Higher magnification images of coexpressing cells indicated by arrows are shown in the box in each image. Scale bars indicate 50 lm and those in the box indicate 10 lm (BÀD). (E) ancV1R expression in diverse vertebrates assayed by DIG-labeled ancV1R riboprobes in coronal sections of the entire VNO region. Species include the common marmoset, cat, goat, and frog. Note that sensory neurons localize as crescent shapes in cat and goat (as in mouse), whereas they are distributed as perimeter in marmoset and frog. Scale bars indicate 100 lm.
Signatures of Widespread Negative Selection on ancV1R
Supplementary figure S7 and table S3, Supplementary Material online, show the alignment and the identity/similarity matrix for the ancV1Rs of ten representative vertebrates, respectively. Despite the fact that ancV1R belongs to the pheromone receptor family, this gene seems to have been well conserved during evolution. Actually, the comparison of the LOGO shows that ancV1R is highly conserved among 42 distantly related mammals whereas canonical V1Rs are highly variable even in one species of mouse (supplementary fig. S8 , Supplementary Material online). Next, we searched for residual signatures of past selection pressure, either positive or negative, on ancV1R. We first conducted evolutionary analyses based on the ratio of nonsynonymous and synonymous divergence (dN/dS), which is considered to be an indicator of the selective pressure acting on a protein-coding gene. The estimation of dN/dS for each branch of the ancV1R tree ( fig. 2A ) revealed that negative selection had operated on most of the branches (0.346 on average for all branches). We then examined the effect of natural selection acting on each amino acid residue of ancV1R. Figure 4 shows the schematic representation of the Single-Likelihood Ancestor Counting analysis indicating the sites under positive and negative selection in ancV1R. Apparently, purifying selection (blue circles) was dominant throughout the entire receptor sequence, with only a few exceptions in intra-and extracellular loop domains, where sites under positive selection (red or yellow circles) were also detected. We also conducted the site model analysis by using PAML, showing that two sites were additionally detected as positively selected (supplementary table S4, Supplementary Material online). However, most of the sites were under purifying selection. The dN/dS analyses, both in the branches and the individual-site model, implied that ancV1R has been highly conserved and has likely undergone purifying selection in most bony vertebrates during evolution. Given that ancV1R belongs to the pheromone receptor gene family, which is diverse in general, the degree of conservation and the patterns of negative selection inferred from amino acid substitution across the ancV1R peptide sequence are consistent with the hypothesis that it may be serving an important functional role.
Discussion

A Novel V1R Shared among Most Vertebrates
In the current genomic era, most genes have been annotated or predicted as protein-coding regions using transcriptomic and/or homology-based comparative analyses for a broad diversity of vertebrates. However, it is worth noting that ancV1R was never annotated previously as a putative protein-coding region in any public database in spite of its existence in many vertebrate genomes. The difficulty in characterizing ancV1R as a protein-coding gene might be due in part to the high degree of sequence divergence among fish ORAs. The fish ORAs are divergent among clades because they originated early during vertebrate evolution and tend to have relative long branch length (Saraiva and Korsching 2007; Grus and Zhang 2009) . Notably, the initial TBlastN searches that used known V1R/ORA sequences as queries detected ancV1R exclusively in the coelacanth. It was only by using the identified coelacanth ancV1R sequence itself in a subsequent TBlastN searches that allowed us to detect orthologous sequences in a diversity of vertebrate genomes. The novel discovery of this serially targeted search illustrates the effectiveness of performing successive rounds of TBlastN searches.
The one-to-one orthologous relationship retained in the ancV1Rs shared among most bony vertebrates is of prime scientific importance to the present study ( fig. 2B ). It is likely that the evolutionary transition from water to land had major impacts on the chemosensory systems of our tetrapod common ancestors (Bertmer 1981) . Prior to our investigation, no orthologous gene in the ORA/V1R family was shown to be shared between fish and mammals. The discovery of an orthologous ancV1R shared among diverse vertebrates ranging from Polypterus to mammals is therefore quite surprising. Such a highly conserved evolutionary profile suggests that a distinct functional role for ancV1R may exist compared with canonical ORAs and other V1Rs.
One VSN Expresses Two or Three Receptors?
Our study demonstrates that ancV1R is expressed in most mature VSNs of both canonical V1R-expressing and V2R-expressing neurons. The "one neuron-one receptor rule," established through studies of olfactory sensory neurons (Chess et al. 1994; Malnic et al. 1999) , was also expected to apply to VSNs. In mice, however, noncanonical V2Rs (family C) were shown to be broadly expressed in the basal region of the VNO and coexpressed there with a member of the canonical V2Rs (A, B, and D family) (Martini et al. 2001; Silvotti et al. 2007 ). Combinatorial expression of V2Rs has also been demonstrated in snakes (Brykczynska et al. 2013 ) and teleosts (DeMaria et al. 2013 ). In particular, the studies in mice indicated that each of the VSNs in the basal region of the VNO expressed a combination of two V2R receptors. Our study further revealed broad ancV1R expression in the neurons of both the apical and basal VNO regions. This distribution implied that at least three receptors (two V2Rs þ ancV1R) are coexpressed in the basal region, and similarly, at least two Single Pheromone Receptor Gene Conserved across 400 My of Vertebrate Evolution . doi:10.1093/molbev/msy186 MBE receptors (one V1R þ ancV1R) in the apical region. The current finding of ancV1R expression is reminiscent of insect OR83b, which is broadly expressed and coexpressed with one of the other canonical ORs (Larsson et al. 2004 ). It will be fascinating to further investigate how these patterns of expression are regulated and to determine their functional role in chemosensory signaling.
Origin and Evolution of Pheromone Detection in VNO
In this study, we propose that ancV1R emerged in the common ancestor of bony vertebrates during the Silurian Period >400 Ma ( fig. 2B ), thereby shedding light on the origin of the VNO during vertebrate evolution. Traditionally, the VNO was believed to have originated in the common ancestor of tetrapods in association with the water-to-land evolutionary transition (Bertmar 1981). However, recent molecular studies favor an earlier origin for the VNO (Grus and Zhang 2006; Grus and Zhang 2009) . Consistent with this scenario, primordial VNO has been identified in the lung fish, implying that the origin of the VNO dates back to the common ancestor of tetrapods and lobe-finned fishes (Gonz alez et al. 2010; Nakamuta et al. 2012) . To examine the possibility of a much earlier origin of the VNO, it will be essential to investigate the olfactory organ of lower ray-finned fish (e.g., Polypterus and gars), in which a morphologically apparent VNO has not been identified. We expect that ancV1R can be used as an ideal molecular marker to explore the VNO-like structure in these key ancestral groups. Our findings reveal a novel and highly conserved molecular evolutionary profile for ancV1R. This unexpected result can now allow us to more accurately guide further investigation of the origin and the evolution of the VNO and to experimentally demonstrate the general mechanism for pheromone detection systems in a broad diversity of vertebrates, much of which remains to be elucidated.
Materials and Methods
Animals and DNA/RNA Samples All mice (C57BL/6) were housed in standard conditions with a 12-h light/dark cycle, and access to food and water ad libitum and were dissected at Tokyo Institute of Technology. A 3-year-old male marmoset was provided by the Primate Research Institute and dissected at Tokyo Metropolitan Institute of Medical Science. A 4-year-old male cat (mix breed) was dissected at Iwate University. A 2-year-old gonadectomized male and a 7-year-old ovariectomized female (both weighing $20 kg) Shiba goat were dissected at the Institute of Livestock and Grassland Science (NARO). The tadpoles of Xenopus tropicalis (stage 56, golden strain) were provided by the Amphibian Research Center (Hiroshima University) through the National Bio-Resource Project of MEXT and dissected at Tokyo Institute of Technology. The spotted gar was purchased in the pet shop and dissected at Tokyo Institute of Technology. The muscle sample of hippopotamus, which died of senility in the Osaka Tennoji Zoo in 2010, was provided by the zoo via Osaka Museum of Natural History. The animals were anesthetized before the dissection.
All procedures for animal experiments were approved by the Committee of each Institute or University. Genomic DNAs were extracted with DNeasy Blood & Tissue Kit (QIAGEN) according to the manufacture's protocol and stored at 4 C. Total RNAs were extracted with TRIzol (Invitrogen) and stored at À40 C until experimental use.
Collecting V1R/ORA Sequences To identify V1R/ORA sequences from various vertebrate species, we explored the genome data by conducting bioinformatics analyses according to the methods of Nikaido et al. (2013) except that we started with six ORAs of zebrafish. The numbering of each V1R sequence that was identified from coelacanth and spotted gar was assigned according to the same protocol used in the previous studies (Saraiva and Korsching 2007; Zapilko and Korsching 2016) . In the present study, we newly identified an exceptional V1R sequence in the coelacanth genome that has a sister relationship with the ORA5/ORA6 clade. After repeating the TBlastN search by using this sequence as the query, we found that similar sequences exist in various vertebrates such as gar, frog, cow, and dog, leading to the identification of a novel V1R clade "ancV1R."
The V1R/ORA sequences of certain vertebrates for which draft genomes are not available were obtained by experimental procedures. For example, hippopotamus ancV1R was PCRamplified and sequenced using primers that were designed based on the sequences of the other cetartiodactyls. We performed PCR and sequencing to obtain the complete coding sequences for V1R8a and 8 b of spotted gar, which were truncated because of the incompleteness of the draft genome. The primers are shown in supplementary table S5, Supplementary Material online, and manual sequencing was performed by an ABI Prism 3700 genetic analyzer (Thermo-Fisher Scientific). The V1R sequences determined in the present study were deposited in the GenBank (accession numbers LC271134-LC271136). The ancV1R sequence of basal ray-finned fish was obtained by performing RNA-seq as follows: Total RNAs, extracted from the olfactory organs of spotted gar, sturgeon, butterflyfish, knifefish, and arowana, were subjected to RNA-seq using the Illumina HiSeq2000 sequencers after constructing sequence libraries using the TruSeq RNA kit (Illumina). The RNA-seq reads were assembled using Trinity (Grabherr et al. 2011 ) after filtering. The curated contig sequences were used for a TBlastN search. All sequence reads were deposited in the DDBJ Sequence Read Archive under accession number DRA005613.
Phylogenetic Analysis
The intact ancV1R sequences were initially aligned at the amino acid level by MAFFT (Katoh and Standley 2013) followed by adjustment of corresponding nucleotide sequences according to the amino acid alignment to retain codon frame. All the alignments were checked by eye, and ambiguous regions, gaps, and sites with <70% coverage among all the sequences were removed by MEGA 7.0 (Kumar et al. 2016 (Yang 2007) . Inference of ancestral nucleotide sequences at the interior nodes and estimation of dN/dS ratios for each branch of the ancV1R tree ( fig. 2A) were performed with CodeML implemented in PAML 4.0 (Yang 2007) . Transmembrane domains in the putative ancV1R amino acid sequence were predicted with a hidden Markov model using TMHMM Server 2.0. (Krogh et al. 2001) . For amino acid sequence comparison, we used WebLogo (Crooks et al. 2004 ) to visualize functional residues of V1R/ ORA receptors. The site-specific dN/dS ratio within the ancV1R-coding sequence was calculated with the SingleLikelihood Ancestor Counting package (Pond and Frost 2005) as well as with CodeML in PAML 4.0 (Yang 2007) . The identity and similarity of the amino acid sequences of ancV1R were calibrated by GENETYX-Windows version 5.
In Situ Hybridization
Probes for ISH of ancV1Rs of mouse, marmoset, cat, goat, and frog were designed in the coding region of ancV1R of each animal and prepared as previously described (Nikaido et al. 2014; Suzuki et al. 2015) by using PCR primer sets summarized in supplementary table S5, Supplementary Material online.
Probes for GAP43 and OMP were described by Hirota and Mombaerts (2004) . Probes for Gnai2, Gnao, V1rb1, V1rd16, V2ra, and V2rd were provided by P. Mombaerts, Max Planck, Germany Ishii et al. 2003) . Single-color and two-color ISH were performed according to the method as previously described (Ishii et al. 2003; Nikaido et al. 2014) . Briefly, in single-color ISH, postfixed sections were hybridized with DIG-labeled riboprobes and incubated with alkaline phosphatase-conjugated anti-DIG antibody. The target was detected with NBT-BCIP kit (Roche). Sections were enclosed by Entellan New (Merck). In two-color ISH, postfixed sections were hybridized with DIG and DNP-labeled riboprobes and incubated with anti-DIG-AP and anti-DNP-HRP antibodies. DNP-labeled target was detected by Alexa Fluor 488-conjugated anti-DNP-KLH antibodies after the amplification by the Tyramide Signal Amplification (TSA) Plus DNP System (PerkinElmer). DIG-labeled target was detected with the HNPP/FastRed detection kit (Roche). Sections were enclosed by polyvinyl alcohol mounting medium with DABCO (SIGMA). To analyze coexpression between DIG-and DNPlabeled targets, low-magnification images were taken on an Olympus BX51 microscope with a DP71 digital CCD camera throughout the VNO. All potentially overlapped cells were then captured in high magnification and were checked the optical stack images using a Zeiss LSM780 confocal microscope. All bright-field and fluorescent images are optimized (brightness and contrast) using Adobe Photoshop CS4 software.
Reverse transcription-PCR
The total RNAs were extracted from a panel of target tissues of Polypterus. After DNase I (TaKaRa) digestion, each RNA sample was diluted to 10 ng/ll. cDNA was synthesized from 100 ng total RNA with SuperScript III Reverse Transcriptase (Invitrogen) using oligo-dT18 as a primer. PCR was carried out for 30 s at 94 C, 30 s at 55 C, and 40 s at 72 C for 30 cycles. Sequences of primers are listed in supplementary table S5, Supplementary Material online. GAPDH and OMP were used for controls of RNA quality as well as expression in the olfactory organ.
Supplementary Material
Supplementary data are available at Molecular Biology and Evolution online.
